Millions of children in the United States are treated with stimulant medications for attention/deficit hyperactivity disorder (ADHD). Treatment may begin before school-age and continue for years. All stimulants that are used to treat ADHD have well-established neurotoxic effects in animals, particularly on dopamine neurons. Idiopathic Parkinson's disease (PD) is a neurodegenerative disorder involving (primarily) death of nigrostriatal dopamine neurons. Given these observations, it is reasonable to ask whether children treated for ADHD with stimulants may have an increased risk for later development of PD or other neurological sequelae. This paper reviews the experimental, clinical, and epidemiological evidence that pertains to this question. It is concluded that the weight of the evidence suggests that a linkage between stimulant use and increased risk for PD is plausible. 
Introduction
PD is a common neurodegenerative disorder of senescence. The principal underlying neuropathology in PD is death of nigrostriatal dopamine neurons. Stimulant medications that are used to treat ADHD have toxic effects on dopamine neurons. Moreover, current trends are toward increasing reliance on types of stimulants (e.g. amphetamines) and formulations (e.g. extended release) that may have more pronounced neurotoxicity than the short acting methylphenidate (Ritalin™) formulation, which was used predominantly in the past. These observations raise the question whether treatment with stimulants may increase risk for later development of PD or other neurological sequelae. For reasons that are difficult to discern, there has been little expressed concern about this possibility in the clinical literature. The evidence reviewed here is suggestive of a possible (plausible) link between stimulant use and PD. Others have, mostly in passing, also called attention to this possibility [1] [2] [3] [4] [5] [6] . Given the scope of stimulant medication use in the US and the severity of PD, the mere plausibility of such a link should be cause for concern and an impetus for clinical research designed to address this issue.
Stimulant Use Among US Children for the Treatment Of ADHD
The practice of using amphetamine and its analogues to treat behavioral disorders in children began in the US in the 1930s [7] . There is little definitive information about the epidemiology of stimulant use for this purpose before the 1970s. Safer and Krager [8] reported that in Baltimore County MD schools stimulant medication treatment among students doubled every 4 to seven years between 1971 and 1987. During the early period of this study, stimulant use was confined mostly to elementary school children, but as time went on, the percent of older children treated increased. Between 1971 and 1984 the percent of elementary school students receiving medication for Hyperactive/Inattentive (HA/I) behavior rose from 1.07% to 5.96%; between 1975 and 1987 the percent of middle school students receiving medication for HA/I rose from 0.5% to 3.68%; between 1983 and 1987 the percent of high school students receiving medication for HA/I rose from 0.21% to 0.40%. In 1971, among children treated with stimulants for HA/I, 40% were treated with methylphenidate and 36% were treated with amphetamine. By 1987 use of methylphenidate rose to 93% of the total, and that of amphetamine dropped to 3%. Pemoline (Cylert™) accounted for 1% to 6% of prescriptions between its introduction in 1974 and 1987. In a follow up report, the same investigators [9] found that the average duration of stimulant treatment was 7-8 years among high school students, 4-5 years among middle school students, and 2 years among elementary school students. Boys were considerably more likely than girls to be treated with stimulants at the beginning of the study period (by about 10:1). By the end of the study period (1993) this gap had narrowed to about 6:1 [9] .
In 2010, the US Center for Disease Control and Prevention reported that, among adolescents (ages [12] [13] [14] [15] [16] [17] [18] [19] , stimulants were the most common drugs prescribed to this age group, accounting for 6.1% of all prescriptions [10] . Another recent survey estimated that stimulant use among US children (< age 19) was 2.7% and 2.9% in 1997 and 2002, respectively [11] . According to the latter study, in absolute terms, 2.2 million children received stimulant medication in 2002. The same study reported that stimulant use was highest (4.8%) among 6 to 12 year-olds. The prevalence of stimulant use in children age 5 or below was 0.3%, about 100,000 children.
In the mid-1990s methylphenidate was the predominant medication used to treat ADHD. A study of 900,000 youths enrolled in US health care programs found that methylphenidate accounted for approximately 80% of prescriptions for ADHD between 1987 and 1996 [12] . In a national survey, Safer et al. [13] reported a 2.5 fold increase in the use of methylphenidate among "youths" between 1990 and 1995. By mid-1995 about 1.5 million children between the ages 5 and 18 were taking this medication [13] .
The specific stimulants used to treat ADHD and their formulations began to change in the 1990s. A large-scale study found a dramatic (7-14 fold) increase in use of amphetamines, particularly d-amphetamine, between 1987 and 1996 [12] . Also, in 1996 a formulation of a 3/1 mixture of d-and l-amphetamine salts, was released (i.e., Adderall™).Other recently released stimulants include methamphetamine (Desoxyn™) and a d-amphetamine prodrug (Vyvance™). All of these medications are now available in extended release forms, as is methylphenidate. During the 1990s, global use of short-acting medications and formulations (i.e., < 8 hours) declined and global used of longacting medications and formulations (i.e., > 8 hours) increased, with use of the latter exceeding the former by 2003 [14] .
Stimulant Neurotoxicity
It has long been apparent that the stimulant medications used to treat of ADHD are toxic to dopamine neurons. Most research on stimulant neurotoxicity has focused on methamphetamine because of its widespread illicit abuse. Multiple studies have shown that in rodents, rodent neuronal cell cultures, and nonhuman primates, exposure to methamphetamine causes a dosedependent selective loss of nigrostriatal dopamine neurons. Markers of stimulant-induced dopamine neuron degeneration include decreased tyrosine-hydroxylase, decreased dopamine membrane and vesicular transporters (DAT and VDAT, respectively), decreased striatal dopamine terminals, and decreased striatal dopamine concentration [15] [16] [17] [18] [19] [20] [21] [22] [23] . Recently, loss of cell bodies of dopaminergic neurons in the substantia nigra pars compacta following in vivo methamphetamine exposure in rodents has been reported [15] . Liu et al. [20] . Reported that acute exposure to methamphetamine in rats produces "Parkinson's-like behavior" on the rotorod test. Tharsh et al. [5] .
proposed that methamphetamine-induced neurotoxicity "…is an ideal toxic candidate to produce an animal model of Parkinson's disease".
The neurotoxicity of racemic-and d-amphetamine is of particular relevance because these drugs are in current widespread to treat ADHD. The experimental literature is clear: these forms of amphetamine are toxic to nigrostriatal dopamine neurons in both rodent and non-human primate models [4, 22, [24] [25] [26] [27] . Moreover, amphetamine-induced disturbances in striatal dopamine have been reported long after exposure ended [22, 24, 28] . Selemon et al. [29] reported that non-human primates given repeated injections of amphetamine to induce amphetamine-sensitization had pathologic morphologic changes in cortical pyramidal neurons three or more years after amphetamine exposure.
Methamphetamine is more effective than d-amphetamine in releasing striatal dopamine [30] . However, although the results are somewhat mixed, other studies suggest there is little difference between these drugs in toxicity to nigrostriatal neurons [1, 22, 27] . A frequently cited study using non-human primates modeled amphetamine dose amounts used in clinical treatment of ADHD. One group of Squirrel monkeys received a 3:1 mixture of d-vs l-amphetamine twice daily by orogastric gavage for four weeks. Dosage was adjusted to maintain plasma concentrations at clinically relevant levels. Striatal dopamine and VDAT were significantly reduced by amphetamine [4] .
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Among the medications commonly used to treat ADHD, methylphenidate is regarded as the least potent, and perhaps less toxic, medication [28, [31] [32] [33] [34] [35] [36] [37] . There are complex and incompletely understood pharmacodynamics differences between amphetamine and methylphenidate. Amphetamine was reported to be more potent in increasing extracellular dopamine, but PET studies in both rodents and non-human primates indicated that methylphenidate and amphetamine produced comparable reduction of [11C]-raclopride binding (an index of D2 receptors), indicating no difference in this measure of neurotoxicity [32] . A recent study of methylphenidate revealed that chronic exposure (i.e., 90 days) to moderate doses of this drug in mice produced a 20% reduction in nigral pars compact a dopamine neurons and activation of nigral microglia. In addition, methylphenidate enhanced the toxicity of nigral dopamine neurons to another dopamine neurotoxin -MPTP [33] . Finally, Moll et al. [34] reported that administration of 2 mg/kg/day for 2 weeks of methylphenidate in prepubertal rats produced a 50% decrease in striatal dopamine transporters 45 days after administration. Thus, amphetamine and methylphenidate, like methamphetamine, are toxic to dopamine neurons, and toxicity to all three analogues is demonstrable long after exposure has ended.
The mechanisms that underlie stimulant toxicity to dopamine neurons are unknown. Multiple pathways leading to dopamine cell damage and death are likely. Mitochondrialinduced overproduction oxygen-reactive species and consequent oxidative stress has received the most attention [38] [39] [40] . Some studies have reported that amphetamines damage dopamine terminals while sparing cell bodies. A recent study, however, found that methamphetamine causes loss of terminals and pars compact a dopamine soma [15] . Additional evidence indicates that degeneration of nigrostriatal dopamine neurons is caused by both necrosis and apoptosis [15] .
Relatively few studies have been conducted on the neurotoxicity of stimulants in humans. Two post-mortem studies of dopamine neurotoxicity in chronic methamphetamine abusers were found. Both studies found evidence of neurotoxicity, including reductions of striatal dopamine, tyrosine hydroxylase, and DAT [35, 36] . However, differences between the methamphetamine abusers and findings in PD were noted. One study failed to find changes in dopa decarboxylase and VDAT in stimulant-exposed subjects [35] . The other study found that, although methamphetamine abusers had up to a 97% decrease in striatal dopamine concentrations (well above the threshold considered necessary for emergence of motor symptoms in PD), the relative degree of dopamine reduction in the caudate versus the putamen was reversed that putatively found in PD [36] .
Neither study reported whether the methamphetamine abusers were neurologically compromised. However, it is important to note that subjects in both studies were young at the time of death (mean ages in the two studies were 31.4 and 32.5), well below the age at which motor symptoms of PD typically emerge. Moreover, the authors of one study [35] state that their findings do not imply that "…degenerative effects might not have emerged in these subjects later in life". Authors of the other study [36] conclude that "…given the severity of the striatal dopamine reduction in some MA [methamphetamine] users, from a public health perspective attention must also be devoted to the clinical consequences of brain dopamine depletion, irrespective of whether this abnormality is associated with physical loss of the nerve ending." Two studies of stimulant neurotoxicity using positron emission tomography (PET) in living subjects were found. Both reported a significant decrease in DAT among chronic methamphetamine abusers [6, 21] .
Parkinson's Disease
PD is a progressive neuro-degenerative disorder of senescence, though a rare early onset form of Parkinson's disease (EOPD) is also recognized. The incidence and prevalence of PD increase markedly with age. The median age of onset of idiopathic PD is 74 [41] . Diagnosis of PD is usually based on the presence of movement disorders, particularly bradykinesia, rigidity, and resting tremor [42] . The classic neuropathological finding in PD is degeneration of nigrostriatal dopamine neurons, often associated with Lewy body inclusions. Loss of nigrostriatal dopamine neurons is associated with reduced striatal dopamine terminals and a corresponding decrease in striatal dopamine concentration. Typically, a decrease of 70% or greater in striatal dopamine is required for motor symptoms to become manifest [42, 43] . Twin and family studies generally find that PD has relatively low heritability, suggesting that environmental factors are etiologically important [44] . Several studies have indicated that the incidence of PD in the US between 1936 and 1966 was relatively stable at about 20 per 100,000 [44] . However, a recent US study found a marked increase in the incidence of PD, particularly among men 70 years of age or older. The increase in this group was from 38.8 per 100,000 between 1976 and 1986 to 56.0 per 100,000 between 1996 and 2005 [41] .
The classic conception of PD has recently been replaced by an understanding that, as the disease progresses, the neuropathology extends beyond the nigrostriatal dopamine system, and the clinical manifestations include cognitive and psychiatric disturbances [45] . Additionally, a prodromal syndrome that may precede onset of the classic motor symptoms by 10 or more years is now recognized [42, 45, 46] . The Parkinson's prodromal syndrome includes "rapid eye movement sleep behavior disorder" (RBD), impaired sense of smell, constipation, and psychiatric disorders (e.g., depression). Idiopathic RBD, in particular, is now recognized as forerunner of several neurodegenerative diseases, including PD, dementia, and multiple system atrophy [46] . Approximately 38% of patients diagnosed with RBD develop Parkinson's disease after 5 years. On average, PD develops between 12 and 14 years after diagnosis of RBD [42, 45, 46] . The existence of a prodromal syndrome may
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provide a sensitive way to detect increased risk for PD and other neurological disorders among persons with a history of stimulant exposure before clinical signs become apparent.
Parkinson's Disease and Stimulants
Evidence for a link between stimulant exposure and PD, albeit indirect and tentative, comes from various sources. Volkow et al. [6, 47] . Reported that chronic methamphetamine abusers, who had decreased DAT measure by PET, evidenced significant motor slowing and cognitive impairment after protracted abstinence. Callaghan et al. [2] conducted a proactive study of persons at least 30 years of age who were diagnosed as methamphetamine and amphetamine abusers. When examined up to 16 years later, this cohort had increased risk of PD compared to controls matched on various metrics. On the other hand, McCann et al. [3] did not find clinical signs of PD in methamphetamine abusers who had abstained from methamphetamine for three years. These subjects had a significant reduction in DAT in the caudate and putamen, albeit only about half that found in patients with PD. Subjects in this study were on average 37.5 years of age at evaluation, likely too young for motor signs of PD to develop. Indeed, the authors of this study explicitly raised the possibility that their subjects may be at increased risk for developing PD with time.
There is a paucity of data on a possible link between childhood stimulant use and PD. However, such data are not non-existent. Garwood et al. [48] examined the association between early stimulant exposure and subsequent diagnosis of PD. It was reported that prolonged exposure to amphetamines (amphetamine, methamphetamine, and d-amphetamine) was greater in patients with "probable idiopathic Parkinson's disease" than among a comparison group of spouses and care givers. Prolonged exposure was defined as a minimum of twice a week use for three or more months or weekly use for a year or more. Of the 16 subjects with amphetamine exposure seven had been prescribed amphetamines and nine were recreational users. A follow up study by the same group found a small but statistically significant decrease in age of onset of PD in patients who had a history of prolonged exposure to stimulants compared to PD patients who reported no such history(49.8 vs. 53.1, respectively) [49] .
Epidemiological studies of PD and stimulant drug use provide correlational evidence for a possible association. As mention previously, Savica et al. [41] reported a dramatic increase in incidence of PD in the US between 1986 and 2005. This increase occurred primarily among men over 70 years of age. Use of stimulants to treat behavioral disorders in children began about 80 years ago [7] , and as noted previously, historically, boys are much more likely to have been treated with stimulants than girls [8] . Savica et al. [41] speculated that environmental factors may be responsible for the increase in incidence of PD, including a decrease in smoking in the US (smoking is thought, by some, to have a protective effect on risk for PD), and unspecified environmental or lifestyle changes. They do not mention the possibility that the increase may be related to increased stimulant use.
The previously discussed finding that the incidence of PD is increasing in the US stands in sharp contrast to a report that incidence of PD is actually decreasing in the UK [50] . Although the number of prescriptions for ADHD drugs has increased dramatically in the UK in recent years (by 34 fold), it is still about 10 times lower than in the US [51] . Moreover, the dramatic rise in use of ADHD drugs in the UK is a recent phenomenon. Out of a data base of 14,748 children, only 13 received ADHD medications in the UK between 1992 and 1995 [51] . There has been much speculation about the cause of different trends in incidence of PD in the US and UK, much of it focused on smoking. However, there has been little or no discussion about the possibility that these different geographical trends in PD incidence may be related to differences in stimulant exposure.
After World War II, Japan experienced a methamphetamine epidemic that became so severe that by 1954 an estimated "…1.5 million Japanese were methamphetamine users, of whom 20 percent were so severely dependent that they could not function without the drug" [52] . The phenomenon, "Japan's sole major domestic experience with illegal drugs, and the world's first methamphetamine 'epidemic' " [52] , became so severe and pervasive that the period between the end of the war and the beginning of the decline of the epidemic in about 1956 has been labeled the "hiropon age" (the brand name, Philopon, under which methamphetamine was marked in Japan is pronounced "hiropon".) A recent study in Japan revealed that the age adjusted death rates from PD among men began to rise between 1976, reached a peak in 1984 (at 1.66 per 100,00 population), then began to decline slowly until 1992, when the data ended. Assuming that methamphetamine abuse was primarily an adult phenomenon (i.e., occurring primarily among persons 18 years and older) and that the methamphetamine epidemic began in Japan in 1945 at the end of the war, the age at death from PD at the time death rates were at their peak (1984) would have been at least 57 [53] .
Another consideration is the possibility that stimulant exposure may increase risk for EOPD. The prevalence of EOPD increased 1.7 fold in Finland between 1995 and 2006 [54] . The authors of this study observed that EOPD clustered in certain geographic regions of Finland, particularly the southwest of the country and the southeastern region of Savo. Because of the geographic clustering, the authors concluded that the increase in EOPD was likely due to genetic factors. The possibility that stimulant use was increased among subjects with EOPD was not addressed. A recent study of drugs in waste water in Finland found that, in all ten cities surveyed, amphetamine was the most common drug detected [55] . Most of the cities surveyed
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fall roughly within the geographic region where EOPD was increased.
Discussion
It may be useful to divide stimulant treated persons in the US into two cohorts:
Those treated before the 1990s, and II. Those treated after the 1990s.
The latter cohort may be at greater risk for the eventual development of PD and other neurologic sequelae due to the increased use of stimulants and to changes in the types and formulations of stimulants used. But, persons in this cohort would only be about 20 to 30 years of age at the time of this writing. As PD is most often a disease of senescence, the younger cohort is very likely too young to manifest motor signs of PD. Nevertheless, this does not preclude the possibility that the 1990s cohort may have ongoing stimulant-related latent, insidious pathological processes that presage the eventual development of neurologic sequelae. As noted above, the existence of a prodromal syndrome may provide a means to detect such process among persons too young to exhibit clinical signs.
For the older cohort signs of PD may now be detectable. Indeed, as described above, recent years have witnessed a dramatic increase in the incidence of PD among men in the US 70 years of age or older. No such increases were found among older women. As previously noted, historically, boys have been far more likely to be treated with stimulants than girls. This may account, in part, for the reported differences between men and women in recent US PD incidence trends.
As reviewed above, studies in animals show unambiguously that the stimulants used to treat ADHD are toxic to nigrostriatal dopamine neurons. The relevance of these studies to the clinical situation has been dismissed by some on the ground that stimulant doses in animal studies far exceed those used in clinical practice. While this is true of some experimental studies, it is not true of all. Moreover, exposure regimens that have been used in animal studies may actually be an insufficient model of clinical treatment. Maintenance therapy is now considered to be the most effective way to treat ADHD. This, along with increasing reliance on long-acting formulations, means that stimulant exposure in some children is chronic and continuous [1] . The animal studies of stimulant neurotoxicity that have been conducted to date do not even come close to replicating such chronic and continuous exposure. Also, most experimental studies have used adult animals. In clinical practice, stimulants are usually prescribed during the developmental period (< 19 years of age). It is possible that the developing brain is more sensitive to stimulant neurotoxicity than the adult brain.
Relatively little research has been conducted on the neurotoxicity of stimulants in humans. However, the extant clinical research does indicate that these drugs are toxic to nigrostriatal dopamine neurons. Moreover, a few clinical studies suggest an association between stimulant exposure and neurologic findings, including PD. Epidemiological findings also hint of a correlation between stimulant exposure and PD. Stimulant use has historically been greatest in the US and the incidence of PD in the US is increasing among older men. In contrast, in the UK, where treatment of ADHD with stimulants is a recent development, and still far less common than in the US, the incidence of PD appears to be decreasing. Age-adjusted death rates from PD among men in Japan following a postwar methamphetamine epidemic rose sharply between 1976 and 1992. And, EOPD may be increasing in Finland in geographic regions where waste water analyses indicate that stimulant exposure is high.
Conclusion
The evidence reviewed here, while far from conclusive, is sufficient to suggest a plausible link between medical use of stimulants and an increased risk for neurological sequelae, including PD. Thus, it would seem both prudent and urgent to conduct future research to assess this possibility.
